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ABSTRACT
BEHAVIORAL AND CHEMICAL ECOLOGY OF A MALE-PRODUCED
SUBSTRATE-BORNE PHEROMONE IN UROLEPIS RUFIPES
Tyler Wittman, MS
Department of Biological Sciences
Northern Illinois University, 2016
Bethia H. King, Director

Use of chemical signals for sexual communication is found in a large proportion of insects.
Pheromones may also act as honest signals of the sender’s health and resources. Most research
has focused on female-produced pheromones used for attracting mates over large distances or on
the role pheromones play in species and mate recognition. Little work has been done exploring
male-produced pheromones, and how pheromones may be involved in mate assessment. Here I
show that females of the parasitic wasp Urolepis rufipes discriminate for some aspects of male
quality through the male’s substrate-borne pheromones. In two-choice trials females spent more
time near markings made by younger males, singly mated males which were not sperm-limited
and uninfected males. The preference for uninfected males was only seen when testing males
infected with an LD10 dose of bacteria against uninfected males; female preference disappeared
when testing males infected with an LD50 dose against uninfected males. Our results are
consistent with the terminal investment hypothesis, which posits that an organism’s investment
in current reproduction will be increased when faced with a loss of future reproductive potential.
Thus males facing a high probability of death are predicted to invest more in current sexual
signaling than males faced with a low probability of death. The low dose males may benefit from

investment in immune function at the expense of sexual signaling due to the relatively high
likelihood they have of overcoming the infection and reproducing in the future. The high dose
males may benefit from forgoing investment in immune function in favor of current sexual
signaling due to the high likelihood of death leading to a low likelihood of future reproductive
success. In addition to preferring marks from young males, singly mated males and uninfected
males, virgin females also preferred areas where multiple males had marked over areas where a
single male had marked. However, marks per male were not greater with groups of males thus
through his own attraction to male markings a male can better attract females with no apparent
increase in the cost of attraction.
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Chapter 1
MALE MARKS ARE A PHEROMONE AND MATED AND VIRGIN FEMALES
DIFFER IN RESPONSE TO THE PHEROMONE
Introduction

Sexual reproduction requires organisms to find and choose suitable mates (Thornhill and Alcock
1983). Mate finding and choice is mediated through some signaling modality, be it visual,
auditory or olfactory. Use of chemical signals for sexual communication is found in a large
proportion of organisms, including insects (Wyatt 2003; Johansson and Jones 2007). Chemical
signals used specifically for information exchange between individuals within a species are
referred to as pheromones. Pheromones have been identified in over 3000 insect species (ElSayed 2014). Most research has focused on female-produced pheromones used for attracting
mates over large distances or on the role pheromones play in species and mate recognition. How
pheromones are used for mate assessment, and male-produced pheromones, have been less well
studied (Martín and López 2000; Ruther et al. 2009).
Pheromones are thought to play a large role in the sexual communication of parasitic
wasps (Godfray 1994; Quicke 1997) from many different families (Kainoh 1999), including
Pteromalidae. However, the chemical identity of pheromones has been determined for a very tiny
fraction of species of parasitic wasps, although more have been identified from Pteromalidae,
particularly from subfamily Pteromalinae, than from other families (El-Sayed 2014). This may be
due to the size and polyphyletic nature of the family (Desjardins et al. 2007). Male-produced
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pheromones have been described behaviorally in many species of parasitoid wasps (van den
Assem et al. 1980; Pompanon et al. 1997; Ruther et al. 2009; Cooper and King 2015), yet their
chemical characteristics are known in very few (Ruther et al. 2007; Cooperband et al. 2012;
Carde 2014; Ruther et al. 2014; Cooperband et al. 2015). One parasitoid wasp in which
pheromones have been well-studied is Nasonia vitripennis. Males produce two chemically
described pheromones, an oral one that induces female receptivity (Ruther and Hammerl 2014)
and a substrate-borne sex pheromone shown to attract virgin females (Ruther et al. 2007),
mediate site fidelity in males (Ruther et al. 2011), and signal quality of males to prospective
mates (Ruther et al. 2009). Urolepis rufipes is closely related to Nasonia (Burks 2006), and
males show a similar substrate marking behavior (Cooper and King 2015). Urolepis rufipes’
marks are attractive to virgin females and the males that make them. The present study tests
whether response to these marks is olfactory, and thus that these marks qualify as a pheromone,
and investigates the pheromone’s role in intersexual communication.
As the marks produced by U. rufipes are visible and have a different texture than the
surfaces on which they are made, female response to male marks could be olfactory, visual or
tactile (Cooper and King 2015). Parasitoid wasps are known to respond to visual cues of the
opposite sex (Giunti et al. 2015), as well as to tactile cues (van den Assem and Jachmann 1982;
van den Assem and Werren 1994). Response to extracts that remove visual and tactile cues or to
synthetic chemicals would provide support that a signal is received olfactory (Ruther et al. 2007;
Ruther et al. 2009; Steiner and Ruther 2009). Any visual or tactile cues are expected to be
disrupted by the extraction process. Whether response to marks is olfactory in female U. rufipes
was tested here by examining female response to extracts of the part of the abdomen where
marking pheromone is produced in N. vitripennis (Abdel-latief et al. 2008).
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As data such as those in the present study become available for more species, it should be
possible to plot mating traits and pheromone composition on a phylogeny to help elucidate the
relative importance of ancestry versus recent adaptation in their evolution. Studies of Nasonia
species suggest mating signals and the responses they elicit can evolve quickly, at least when
involved in congeneric prezygotic isolation that helps prevents costly hybrid production (Clark et
al. 2010; Buellesbach et al. 2013; Niehuis et al. 2013; Ruther et al. 2014; Diao et al. 2016).
The importance of ancestry causing similarity in marking between U. rufipes and
Nasonia is suggested by them seeming to exhibit a low level of molecular genetic divergence,
with Nasonia, Urolepis and Trichomalopsis perhaps forming a clade (Burks 2009). However,
Adaptation may lead to differences between U. rufipes and Nasonia in the chemical identity and
behavioral context of the marking because, although both exhibit substrate-borne marking
behavior and female conspecifics respond to the marks, some aspects of their ecology differ, and
these genera exhibit a high level of phenotypic divergence. Both U. rufipes and Nasonia are
pupal parasitoids of dipterans in the infraorder Muscomorpha. Their primary host species do not
overlap, except that both have been found in house flies (Musca domestica) and stable flies
(Stomoxys calcitrans) (Whiting 1967; Gibson 2000; Gibson and Floate 2004). Both of these two
hosts are found in association with livestock and poultry manure (Rueda and Axtell 1985;
Gibson 2000). N. vitripennis is more often found in calliphorid or sacrophagid pupae, in
association with carrion (Werren 1983) and bird nests (Whiting 1967; Darling and Werren 1990).
Livestock and poultry manure is thought to be a relatively new habitat for U. rufipes (Smith and
Rutz 1985, Gibson 2000). U. rufipes were previously found in aquatic environments, and brine
flies (Ephydridae) are thought to be their original host (Deonier and Regensburg 1978; Petersen
et al. 1985; Gibson 2000). Male U. rufipes can fly, whereas male Nasonia cannot. U. rufipes are
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solitary parasitoids, whereas Nasonia are gregarious parasitoids; by definition, solitary means
that only one offspring develops per host, whereas gregarious means multiple offspring do. The
differing ecological pressures, perhaps especially being in a terrestrial or nearly aquatic
environment, may have selected for different chemicals to be used for sexual communication.
In addition to looking at whether female U. rufipes respond to extracts, not just marks
directly, the present study also examined the effect of female mating status on response. A lack
of response after mating may be more common in species where females mate only once or in
species where females rarely become sperm limited (Cooperband et al. 2015). This response
switch may also facilitate host finding and oviposition behavior especially in parasitoid wasps
where mating sites and oviposition sites are spatially distinct. Harassment of mated females by
males may also select for a mechanism to avoid areas populated with males. Male harassment
may delay host finding and oviposition, costing the female. Female U. rufipes mate only once,
and hosts tend to have a highly clumped distribution (King personal observation). If mating
opportunities and oviposition sites are in discrete clumped patches, and if females do not benefit
from multiple matings, then there should be strong selection for dispersal away from mating
patches to search for oviposition sites.

Materials and Methods

General Methods

The Urolepis rufipes used were a strain that originated from cattle feedlots in southern Alberta
and were maintained using a natural host, Musca domestica (house fly) pupae. Wasps were
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reared in an incubator on a 12h:12h light dark cycle at about 25oC and 60% RH. Parasitized fly
pupae were separated individually into glass vials to ensure virginity of emerging wasps. Mated
females were produced by placing a virgin female and virgin male in a small petri dish and
observing them until mating was complete. The mated females were removed and placed into an
incubator for 1-2 h before behavioral assays. Experiments were performed under laboratory
conditions, which were approximately 23oC and 40% RH. All females used were 3-d-old, and
allowed to acclimate to the laboratory conditions for at least 5 min before trials.

Extract and Fractionated Extract

Male wasps used for extract were all virgin, 1-3-d-old, freeze-killed and stored at -80C for a
maximum of two months. This age was chosen because N. vitripennis males emerge with almost
no marking pheromone, and then the quantity increases over the next two days (Ruther et al.
2007). Wasps were dissected at the petiole to separate the abdomen from the rest of the body.
Pheromone extract was produced by placing 32 male wasp abdomens in 25 μl per wasp of
dichloromethane in 2 ml glass vials for 30 min. After the 30 min, using a glass syringe the
extract was removed from the vial and concentrated under a gentle stream of nitrogen to a final
volume of 64 μl, making a one male equivalent dose 2 μl. Extracts were stored in a 25 μl vial at 24oC.
Fractionated extract was produced by solid phase extraction using silica gel. Silica gel
cartridges were conditioned by rinsing twice with 50 ml dichloromethane, then twice with 50 ml
methanol and finally twice with 50ml dichloromethane again. Extract was applied to a silica gel
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cartridge then eluted twice with 500 ul of dichloromethane and then twice with 500 ul of
methanol. The methanol elution was kept because methanol binds to highly polar compounds,
which the pheromone was expected to be (Ruther personal communication). Methanol was
evaporated off under a gentle stream of nitrogen. Pheromone residues were redissolved using
dichloromethane to a final concentration of 2 ul per wasp. Fractionated extract was stored in 25
ul vials at -24oC.

Bioassay

Each female was presented with a choice of extract and a solvent control. The arena for
bioassays (Figure 1) consisted of a glass petri dish top (9 cm diameter, 1.5 cm height) and a
plastic petri dish bottom (9 cm diameter, 0.8 cm) with a 1 cm diameter hole in the middle for
female entrance. Two discs of filter paper (1 cm diameter) were attached on opposite sides of the
glass petri dish and approximately 5 cm apart, using double sided tape, with no tape exposed past
the disc. A 2 cm diameter circle was drawn around each filter disk. Clean arenas were used for
each trial. The glass was cleaned with soap, water and ethanol, and the plastic was cleaned with
ethanol. A filter disc received 2 µl of extract or of dichloromethane (solvent control). The extract
and solvent sides were switched between trials to minimize any side effect. Extract and solvent
were applied onto the filter discs using a syringe. Separate syringes (Hamilton 701-N) were used
for solvent and extract. After the extract and solvent were applied, the plastic petri dish was
plugged with a rubber stopper and placed on top of the glass dish for a 5 min evaporation period.
Then the stopper was removed, and the arena was flipped so that the opening was over a female.
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The female had been tapped out of the glass vial in which she emerged, onto a desk surface that
had been cleaned with ethanol before each trial.

1.

1. Applied extract (complete or methanol fraction)
and control (solvent)
2. Added cover lid with stopper
3. Inverted arena over test wasp, observed for 5 min

2
.

5 min
Min
Diffusion

3
.

Figure 1
Bioassay protocol for testing female response to male extract.

Virgin females were tested for response to male abdomen extract (n = 22 females) and
fractionated extract (n = 17 females); mated females were tested for response to the fractionated
extract only (n = 15 females). Each female’s behavior was observed for 5 min: and the circle she
passed into first and how much time she spent within each circle was recorded.
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Statistical Analysis

For each of the three experiments, the amount of time that females spent in the extract circle
versus the control circle was compared by a paired t-test. Normality was assessed by interpreting
a Q-Q plot of residuals and a boxplot of differences for all comparisons. Normality was met for
all tests, although the test is also robust to violations of normality (Scheffe 1959). The number of
first visits to the extract and to the control were compared to 50% using the chi-square test of
goodness of fit. Statistical analysis was performed using the software R v 3.2.4 (R Core Team
2016) and graphs were made using R v 3.2.4 and SPSS (IBM Corp 2013).

Results

The mean of the difference between time spent by virgin females in the circle with male
abdomen extract versus in the circle with the solvent control was greater than zero (Figure 2; t =
5.27, df = 21, P < 0.001, mean of differences ± SE of differences = 11.14 ± 2.11 s), i.e. females
spent more time in the area around the male extract. The first visit of virgin females was more
often to the extract circle than to the solvent circle (21 of 22 trials; X2 = 18.18, df = 1, P < 0.001).
Virgin females spent more time in the fractionated extract circle than in the control circle
(Figure 3; t = 3.05, df = 16, P = 0.007, mean of differences ± SE of differences = 3.18 ± 1.04 s).
The first visit of virgin females was more often to the extract circle than the solvent circle (15 of
the 17 trials; X2 = 9.94, df = 1, P < 0.001). Mated females showed no preference for the
fractionated extract or the control (Figure 3; t = 0.20, df = 14, P = 0.84, mean of differences ±
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SE of differences = -0.20 ± 0.99 s, 95% CI -2.34 to 1.94). The first visit of mated females was
not more often to either the extract or solvent (X2 = 0.067, df = 1, P = 0.79).

Figure 2: Extract vs solvent
Virgin Female - Each point represents one female and shows the amount of time she spent in
each side of the arena. The line represents where points would fall if females had no side
preference. Points above the line show a preference for the extract side and points below the line
represent preference for the solvent side.
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Figure 3: Fractionated extract vs solvent
Virgin Female - Each point represents one female and shows the amount of time she spent in
each side of the arena. The line represents where points would fall if females had no side
preference. Points above the line show a preference for the fractionated extract side and points
below the line represent preference for the solvent side.
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Figure 4: Mated female fractionated extract vs solvent
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the fractionated extract side and points below the line
represent preference for the solvent male side.
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Discussion

Virgin females were attracted to male abdomen extract, spending more time around and visiting
the extract first more often than the solvent. Virgin females were also attracted to fractionated
male abdomen extract, which shows that biologically active component(s) of male pheromone
are in that extract and thus soluble in methanol, suggesting that these components are highly
polar. Female response was presumably olfactory as visual and tactile features of the marks
would have been disrupted by extraction. An olfactory response is evidence that these substrate
marks are indeed a pheromone. Results with the fractionated male abdomen extract indicate that
this solvent methodology is appropriate for future tests to determine the structure of male
pheromone components.

Loss of Attraction to Male Pheromone by Mated Female
Female response to the fractionated male extract was influenced by her mating status. Mated
females lost attraction to the male extract within 2 h of mating. This behavioral switch, i.e., loss
of attraction, in U. rufipes is likely adaptive given that females mate only once, after which they
become unreceptive to copulation, but males will still chase, mount, court and attempt copulation
(King and Kuban 2012). Thus, additional interactions with males present a risk of harassment
that may interfere with host finding and oviposition by distracting females from host searching
by cueing to males instead, by making it harder for her to walk, and by preventing the female’s
abdomen from tucking under as needed for oviposition. By the time adult wasps are emerging, a
couple weeks after parasitization of hosts, the remaining host media may be unsuitable for
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additional hosts. Patches of unparasitized host pupae will be in more-freshly decaying material,
which should be relatively free of males. Post mating avoidance of the opposite sex by females
may benefit males as well as females in species where females are unreceptive after mating.
Males avoid time and energy of attempting mating with unreceptive females.
Mating status is known to affect attraction to host and male odors for females in a variety
of taxa. Females of the braconid parasitoid wasp Spathius agrili lose attraction to a male
aggregation pheromone following mating (Cooperband et al. 2015). (Cooperband et al. 2015).
Mated females in another braconid parasitoid wasp, Cotesia vestalis, are attracted to host related
chemical cues whereas virgin females are not (Kugimiya et al. 2010). Female N. vitripennis lose
attraction to male sex pheromones after mating (Steiner and Ruther 2009). Virgin N. vitripennis
are attracted to both host odors and male pheromone but prefer male pheromone (Steiner and
Ruther 2009). In the medfly, Ceratitis capitate females develop an aversion to male pheromones
and an attraction to host fruit odors after mating (Jang 1995). Attraction to host odors is only
seen in mated females in the European grapevine moth, Lobesia botrana (Masante-Roca et al.
2007).
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How Response May Change

A postmating shift in female orientation from mates to oviposition sites may result from the
development of an attraction to host odors that is stronger than the attraction to sex pheromones,
or from a loss or weakening of attraction to sex pheromones making the attraction to host odors
relatively stronger. In the confamilial N. vitripennis this shift is brought about by a loss of
attraction to male pheromone deposits (Steiner and Ruther 2009). The loss of attraction to male
pheromone deposits is not caused by sperm transfer but rather by an oral male pheromone
released during courtship (Ruther and Hammerl 2014). Attraction to hosts has not been studied
in U. rufipes, for virgin or mated females, and the aspect of mating that triggers the female’s
postmating loss of attraction to male extract has yet to be explored.

Reproductive Behaviors Influenced by Female Mating Status

In U. rufipes and other species just discussed, mated females seem to avoid subsequent male
encounters by a change in the female’s response to male sex pheromones. In the moth Agrotis
ipsilon,it is males that upon mating lose their attraction to female sex pheromones (Carazo et al.
2004). Another way to avoid postmating encounters with the opposite sex is to become less
attractive to the opposite sex, as seen in a variety of taxa, including another pteromalid,
Spalangia endius (King et al. 2005); (Mowles et al. 2013), the solitary bees Andrena nigroaenea
and Amegrilla dawsoni (Schiestl and Ayasse 2000; Simmons et al. 2003), the beetle Tenebrio
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molitor (Carazo et al. 2004), the redback spider Latrodectus hasselti (Stoltz et al. 2007), and the
garter snake Thamnophis sirtalis parietalis (O’Donnell et al. 2004). Post mating olfactory
unattractiveness may result from a change in what pheromones are produced, from a change in
the quantity of pheromone produced, or from the initial mate leaving an unpleasant pheromone,
i.e., an antiaphrodisiac, on the female.
Mating can influence dispersal and host searching behavior in female parasitoid wasps. In
the aphid parasitoid Lysiphlebus testaceipes, both virgin and mated females host search and
oviposit, but virgin females do so at half the rate of mated females (Fauvergue et al. 2008).
Virgin Bracon hebetor females are slower to disperse to oviposition sites than mated females
(Guertin et al. 1996). Relative to virgins, mated Nasonia vitripennis females show an increase in
locomotor activity for up to a day after mating, and an increased flight duration (King et al.
2000). These changes presumably aid in dispersal to new patches or increase host searching on
their patch of residence. In another pteromalid, Spalangia endius, mated females burrow more
than virgins in the presence of buried hosts, whereas males burrow very little (King 2002).
Besides facilitating host location, burrowing may reduce a mated female's harassment from
males, and not burrowing may increase a virgin female's chance of mating. Whether female U.
rufipes change their host searching behavior upon mating has yet to be investigated, but would
be expected given that optimal strategies and locations for mating and oviposition differ.
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Behavioral Similarity to Nasonia, but Chemical Differences

Despite the similarity in marking behavior and the effect of female mating status on response
between U. rufipes and the closely related N. vitripennis, the chemical composition of the
pheromones is not similar (J. Ruther personal communication). This was unexpected given the
low levels of genetic divergence between them (Burks 2009). Marks by male N. vitripennis’s
consist primarily of lactones, (4R,5R)- and (4R,5S)-5-hydroxy-4-decanolide (HDL), but also a
lesser amount of a synergist that is a nitrogen containing heterocycle, 4-methylquinazoline
(Ruther et al. 2007; Ruther et al. 2008). Synthesis of the lactones occurs through a fatty acid
pathway in the rectal vesicles of N. vitripennis (Abdel-latief et al. 2008). Synthesis likely occurs
in the same location in U. rufipes given the similarity in deposition of pheromone between U.
rufipes and N. vitripennis, but synthesis likely uses a different biosynthesis pathway given the
difference in chemical structure of the marking pheromone. Current work is investigating the
biosynthesis pathway and site in U. rufipes (J. Ruther personal communication). As previously
noted, although these two species show low levels of genetic divergence, they occupy very
different ecological niches. The historical association of U. rufipes with wet habitats may have
selected for pheromone compounds that would transfer or persist better under wetter conditions.
Alternatively, brine flies may not contain precursors necessary to produce compounds through
fatty acid biosynthesis pathways. These two explanations await additional data. Specifically, the
wet hypothesis would be supported if markings made by male U. rufipes remain attractive after
or while being wet while those of male Nasonia do not. The precursor hypothesis would be
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supported if brine fly pupae do not contain the chemical used for pheromone biosynthesis in
Nasonia.

Chapter 2
ATTRACTIVENESS AND NUMBER OF MARKS PRODUCED BY AGGREGATED OR
SOLITARY MALES OF THE PARASITIC WASP UROLEPIS RUFIPES

Chemical signals, such as pheromones, play an important role in mate location in many animal
taxa (Ayasse et al. 2001; Wyatt 2003; Johansson and Jones. 2007). In many taxa, sex
pheromones involved in initial mate attraction tend to be produced by females (Wyatt 2003;
Gullan and Cranston 2014). In insects substrate-borne pheromones, hence referred to as
markings, produced by females have been well-studied (Nufio and Papaj 2001; Mehrnejad and
Copland 2007; Stelinski et al. 2007; Hoover et al. 2014). However, male marking has less often
been documented (Ruther et al. 2009). It occurs in some lekking Drosophila (Droney and Hock
1998) which mark with anal glands, in some nesting hymenopterans (Clarke et al. 2001), and in
some bees which mark with labial gland secretions (Kroiss et al. 2010; Ayasse and Jarau 2014).
Males of the parasitic wasp Urolepis rufipes produce substrate-borne pheromone marks
by releasing a white substance from the tip of their abdomens and dragging it across a surface,
similar to a behavior seen in the well-studied confamilial Nasonia vitripennis (Barrass 1969;
Ruther et al. 2009; Cooper et al. 2013). In U. rufipes, marking appears to assist males in
attracting females and in self-navigation (Cooper and King 2015). Urolpeis rufipes parasitize the
pupal stage of certain fly species that are found in decaying matter or manure (Rueda and Axtell
1985). Brine fly pupae, which are semi-aquatic, are believed to be the original host of U. rufipes
(Smith and Rutz 1985; Gibson 2000). Males are generally smaller (mean body length 1.75 mm)
than females (mean body length 2.73 mm) (Rueda and Axtell 1985), and males emerge 1-2 d
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before females (Powell et al. 2003). Sex ratios are usually female-biased (Lena Stenseng et al.
2003). There is no evidence that males provide anything other than sperm to females. Only one
offspring develops per host and intrasexual aggression is common (Cooper et al. 2013). Mating
opportunities may occur in close proximity by for several reasons: the distribution of hosts is
clumped with varying degrees of scatter, mothers often parasitize multiple hosts in a given patch,
and newly eclosed adult wasps often emerge within a few days of each other (Collins 1980;
Werren 1983; King 1990). Male aggregations have been seen in some parasitoid wasps,
including incidental sightings of a confamilial in nature (Nadel 1987).
Virgin female U. rufipes are attracted to male marks, spending more time in areas where
males have marked than in empty areas (Cooper and King 2015). Response to male marking
pheromone is dose dependent in the closely related N. vitripennis (Birgit Blaul and Ruther 2012).
One cause of larger amount of pheromone in a given area is aggregations of males (Otte 1974).
The present study examines whether females are preferentially attracted to areas marked by more
males and whether each male reduces his marking in the presence of other males. Even if the
number of females per male is not greater with aggregation, a male may still benefit if he needs
to signal less, as has been seen in leks of the ruff Philomachus pugnax and the fruit fly
Drosophila mycetophaga (Hoglund et al. 1993; Aspi and Hoffmann 1998) although this is not
always the case (Shelly 2001).
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METHODS

The U. rufipes were a Canadian strain that originated from cattle feedlots in southern Alberta.
The U. rufipes are maintained on Musca domestica pupae, which were reared following Cooper
and King (2015). U. rufipes were reared at approximately 25oC with a photoperiod of 12 h light:
12 h dark. Parasitized host pupae were individually isolated in glass test tubes prior to the wasps'
emergence in order to obtain virgin wasps. Wasps used in experiments were 1-3 d old. Males
were given honey 24 h prior to testing to maximize marking (Cooper and King 2015).
Statistical analyses were performed in R v 3.2.4 (R Core Team 2016). SPSS was used
to produce the histograms. Means were compared at an alpha of 0.05 using t-tests. These
tests are robust to violations of the assumption of normality and homogeneity of variances,
particularly when sample sizes are the same or very similar, which they were (Kikvidze and
Moya-Laraño 2008; Zar 2010). Nevertheless, the assumption of normality was met at an
alpha of 0.05 for all tests, and the assumption of homogeneity of variances was met at alpha
of 0.05 for all tests except when testing if the number of markings produced per male
differed between aggregation and solitary treatments. A Welch’s t-test was used to control
for the unequal variances. Normality was assessed by the Shapiro-Wilks tests, and
homogeneity of variances was assessed by Levene’s tests.

Virgin female response to markings of aggregate and solitary males

This experiment examined whether the number of males marking in an area influences virgin
female preference for that area. The trial arena was a plastic dish (Figure 6; 3.5 cm diameter, 1
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cm height) with a removable silicone divider down the center (Pompanon et al. 1997). All wasps
were 1-3 d-old and virgins. For 4 h, five males were allowed to mark in one half of the arena,
and one male was allowed to mark in the other half. Then the males were removed along with
the silicone divider. A virgin female was introduced with soft forceps into the center of the arena,
and her behavior observed for 5 min. Time spent in each half of the arena was recorded. Trials (n
= 24) were performed over a period of three weeks. Time spent on each side of the arena was
compared using a paired t-test.

Figure 5
The petri dish used as the arena with the silicone divider inserted, view from above on the left,
view from the side on the right.

Number of marks made by aggregate and solitary males
This experiment tested whether aggregations of five males made more marks than solitary males.
Each glass tube (12 mm diameter, 75 mm length) contained one or five 3-d-old males for 4 h (n
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= 23 tubes per treatment). Then males were removed, and marks were counted under a dissecting
scope. Independent t-tests were used to test whether the aggregations of males marked more
times than the solitary males and whether the aggregates of five made fewer than five times more
marks than the solitary males.

Results

Virgin female response to differing number of males.

Virgin females spent more time in the half of the arena in which five males had been allowed to
mark (Figure 6; t = 5.01, df = 23, P < 0.001, mean of difference ± SE of differences = 31.25 ±
6.23 s).

Number of marks made by solitary or grouped males.

Groups of five males produced more marks than solitary males (Figure 7; Mean ± SE 137.64 ±
11.90, 33.47 ± 5.96, t = 7.82, df = 44, P < 0.001). However, the number of marks per male did
not differ significantly between groups of five males and solitary males (Mean ± SE 27.52 ±
6.15, 33.45 ± 2.38, t = 0.92, df = 28.85, P = 0.36).

22

Figure 6: Solitary and aggregate males
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the aggregate male side and points below the line represent
preference for the solitary male side.
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Figure 7: Markings produced by solitary and aggregate males
Histogram showing the number of markings produced by either five males or one male.
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DISCUSSION

Aggregations of five males resulted in more marks than solitary males over a four-hour period,
and females were preferentially attracted to areas that had previously been marked by
aggregations of males over solitary males. Increased female attraction would only be a benefit to
male aggregation if the mean fitness of males who form aggregations is greater than that of
solitary males; this has yet to be tested. Male aggregations may benefit males through decreased
signaling costs per male. I did not find support for this as the mean number of marks produced
per male did not differ between aggregations of five males and solitary males.
That areas previously occupied by aggregates of males are more attractive to females
than areas previously occupied by single males, that males mark more when exposed to hosts
from which male parasitoids have emerged and that males defend their marked territories against
other males (Cooper and King unpublished data; Cooper and King 2015) provide support of a lek
like mating system in U. rufipes. Leks have been defined in different ways, but the term seems
appropriate to U. rufipes regardless. Leks are aggregations of males displaying, i.e., releasing
auditory, visual, or olfactory signals that evolved to attract females (Krebs and Davies 1993) or
“that females attend primarily for the purpose of fertilization” (Höglund and Alatalo 2014). After
mating, female U. rufipes will frequently need to disperse from their emergence sites where
males are emerging and marking, to locate fresh hosts in which to oviposit. Some definitions of a
lek also require territoriality, to distinguish them from swarms, which lack territoriality (Baker
1983). A male U. rufipes will aggressively and successfully defend an area that he marks against
other males, suggesting territoriality (Cooper and King 2015).
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Lekking has been demonstrated in some insects (Thornhill and Alcock 1983). For
example, males of the lesser wax moth, Achroia grisella, form leks and attract females by
producing high frequency calls of varying rhythms (Spangler et al. 1984). In the Mediterranean
fruit fly, Ceratitis capitata, lekking males release a pheromone from their rectal gland, vibrate
their wings and perform stereotypical movements, all of which attract females to the lekking site
(Eberhard 1999). Males compete for preferential territories within the lek (Arita and Kaneshiro
1985).
Leks in parasitoid wasps appear to be uncommon, but have been reported (Godfray 1994;
Quimio and Walter 2000). Often insufficient information is available to be confident they are
leks. Aggregations of predominantly males with some females, have been reported in the
pteromalid Spalangia nigroaenea on a dairy farm (Olbrich and King unpublished data), but the
species of Spalangia whose behavior has been observed do not exhibit any behavior suggestive
of territoriality, e.g., no aggressive behavior or particular avoidance of conspecifics of the same
sex (King 2006; King 2008). Nadel (1987) observed groups of thousands of wasps swarming on
and above hilltop boulders lacking hosts and food. The wasps included Pachyneuron sp., which
are in the same subfamily as U. rufipes. The Pachyneuron sp. were all males and were either in
single species groups or with male-biased groups of two parasitoid wasp species from the family
Encyrtidae. The braconid Blacus sp. has been found in a 60 cm diameter ball in the air, with less
than 100 individuals, all male (Arnaud 1952; Southwood 1952; Southwood 1957; Achterberg
1977). In the braconid Fopius arisanus, sexually immature males have been seen swarming in
the canopy, with mature males lower down in looser aggregations, with females entering and
mating in only the latter (Quimio and Walter 2000). Bracon hebetor form aggregations of 80%
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males on the tops of piles of stored corn infested with hosts, but males show no aggression
toward each other (Antolin and Strand 1992).
According to the hot spot hypothesis of lek formation (Beehler and Foster 1988) males
evolve to lek at sites of female aggregation due to the greater incidence of female male
interaction at those sites, so lek size should depend on female density (Bradbury et al. 1986). In
U. rufipes females will be in aggregations at emergence sites, because they are emerging from
clumped hosts. Males emerge a few days before females thus males or pupae from which male
U. rufipes have emerged may signal the future presence of females and thus provide a good
location for lek formation.
The benefits to lekking for individual males may depend upon their quality. Smaller
males may benefit more from aggregation than large males in U. rufipes. In N. vitripennis, a
close relative of U. rufipes, small males may benefit from aggregated marking despite greater
competition. This is because females prefer the level of pheromones from a large male over those
of a small male; yet in contests for females, small males fare no worse than large males (Blaul et
al. 2011; Blaul and Ruther 2012). That lower quality males may benefit by being near higher
quality males has been called the hot shot hypotheses (Beehler and Foster 1988).
Up to this point, I have focused on male benefits and costs from aggregation.
Aggregation led to more total marks by U. rufipes males, so there is increased likelihood of a
male still being in an area with higher than lower signal intensity because signal intensity
degrades over time. If attraction to more pheromone leads to attraction to more males, the
opportunity for the female to choose a mate of higher quality would also be greater than if she
were to follow a less intense signal to a single male. Attraction to areas with more pheromone
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may also result in attraction to higher quality males if such males, e.g., larger males or lessrecently mated males, produce more pheromone and also have more sperm (Wiernasz et al.
2001; Ponlawat and Harrington 2007; Birgit Blaul and Ruther 2012). Females should be under
heavy selective pressure to avoid males with little or no sperm particularly in highly monandrous
species like U. rufipes (King and Kuban 2012; Cooper et al. 2013). Male U. rufipes can quickly
become sperm-limited (Chapter 3). Although there are potential benefits to female attraction to
stronger male signals, females may also face increased costs in an aggregation through postmating sexual harassment. Males readily mount mated females (King unpublished data), and this
may be especially costly for females within large groups of males because time spent warding
off males is time not available for host finding and oviposition. Benefits and costs to males or
females of making and attending aggregations may also reflect predation pressures; however,
predators of U. rufipes are unknown.
Finding swarms of U. rufipes in their natural habitat would strengthen the evidence that
they form leks, but may be challenging given their low density and small size. With more
restrictive definitions of a lek, U. rufipes might not be described as lekking. For example, Jiguet
et al. (2000) require additional criteria, not all of which are met: not only male aggregation but
also that the male is the only resource that the females find on the lek. This is probably often, but
not always, true for U. rufipes because old hosts from which wasps have emerged sometimes
overlap temporally and spatially with new hosts, in which females oviposit (King personal
observation). The criterion of no male parental investment other than sperm appears to be met for
U. rufipes because there is no paternal care or any obvious nuptial gift. However, N. vitripennis
females mated to two different virgin males lived longer than virgin and singly mated females
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(Boulton and Shuker 2015), although this contradicts previous work (Burton 2007). Genome
screening did not find any genes associated with accessory gland proteins, which are associated
with post mating physiological changes in female Drosophila (Hauser et al. 2010; Wolfner 2002)
The criterion that male aggregation site is spatially stable over time is not met for U. rufipes if
aggregations occur at host pupae from which male parasitoids have emerged. Such hosts would
differ in location every generation as the location of decaying organic matter, on which hosts
develop, changes. Male U. rufipes emerged host pupae may serve as the site of aggregation in U.
rufipes as males are attracted to them and mark more in their presence. Such hosts would differ
in location every generation as the location of decaying organic matter, on which hosts develop,
changes.
Females preferred areas where multiple males had marked compared to areas where a
single male had marked, although males did not mark more frequently in groups. Thus through
his own attraction to male markings, a male can better attract females with no apparent increase
in the cost of attraction. How males benefit from aggregations and if males of varying quality
differ in the benefits they may receive from aggregate marking remain to be explored. Future
field studies of the mating behavior of U. rufipes would help to determine if they form leks.

Chapter 3
FEMALE MATE CHOICE, MALE QUALITY, AND THE TERMINAL INVESTMENT
HYPOTHESIS
Introduction

Sexual selection theory predicts that the sex which invests the most per offspring will tend to
discriminate the most amongst potential partners (Andersson 1994; Trivers 1972). In most
species this sex is female (Hayward and Gillooly 2011; Scha et al. 2012). Females can maximize
their fitness by biasing their reproductive effort towards high quality males (Trivers 1972). Male
sexual signals are thought to often indicate sender quality and condition to females (Zahavi 1975;
Zahavi 1977; Hamilton and Zuk 1982; Andersson and Simmons 2006; Cooperman et al. 2007),
although signals that do not, at least initially, signal quality can also evolve under some
conditions, a runaway sexy son mechanism (Lande 1981; Prum 2010). When male sexual signals
are used by females for mate assessment (Tregenza et al. 2006; Koh et al. 2009; Ruther et al.
2009; Kelly et al. 2012), females may benefit either directly or indirectly. Direct benefits of
choice include obtaining a sufficient amount of sperm, access to quality territories, nuptial gifts,
not contracting a sexual transmitted disease and predation protection. Indirect benefits from
choice arise from passing on advantageous alleles from the male to the offspring, leading to
increased fitness of those offspring.
Male sexual signals may be tactile, visual, auditory, olfactory or any combination of the
four (Johansson and Jones 2007; Martín and López 2010; Girard et al. 2011). Use of chemical

30

signals for sexual communication is widely reported in insects (Wyatt 2003; Johansson and
Jones 2007). Most research on sex pheromones in insects has focused on the role they play in
species and mate recognition (Johansson and Jones 2007). However, there is growing interest in
the utility of male sex pheromones for use in mate quality assessment (Koh et al. 2009; Ruther et
al. 2009; Kelly et al. 2012). Pheromones may be particularly good indicators of condition as they
can quickly change in strength and composition (Penn and Potts 1998). The present study
examines whether females of the parasitic wasp Urolepis rufipes respond differently to
pheromone left behind by males of differing reproductive quality.
Urolepis rufipes parasitize the pupal stage of certain fly species that are found in
decaying matter or manure (Rueda and Axtell 1985). Brine fly pupae are found in water and
along shores and are believed to be the original host of U. rufipes, although more recently this
parasitoid has also been found in house fly and stable fly pupae in manure (Smith and Rutz 1985;
Gibson 2000). Urolepis rufipes are about 2-3 mm long as adults (Rueda and Axtell 1985), and
males emerge 1 d before females when females are alone and male-biased when they are with
other females (Powell et al. 2003; Stenseng et al. 2003). There is no evidence that males provide
anything other than sperm to females, and females are monandrous (King and Kuban 2012).
Intrasexual aggression is common in both sexes (Cooper et al. 2013). There is ample opportunity
for mate choice even though only one offspring develops per host: the distribution of hosts is
clumped with varying degrees of scatter (Collins 1980; King 1990), mothers often parasitize
multiple hosts in a given patch, and newly eclosed adult wasps often emerge within a few days of
each other (Powell et al. 2003). Mate choice has not been well explored in parasitic
hymenopterans despite this group containing more than 100,000 species (Hopper 1984). The
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studies that do exist have explored only a small subset of male characteristics (Boulton et al.
2014).
Male U. rufipes produce substrate-borne pheromone marks by releasing a white
substance from the tip of the abdomen and dragging it across a surface (Cooper et al. 2013;
Chapter 2), similar to a behavior seen in the well-studied confamilial Nasonia vitripennis
(Barrass 1969; Ruther et al. 2009). In U. rufipes, marking appears to assist males in selfnavigation (Cooper and King 2015) and in attracting females, particularly virgin females
(Chapter 1).
Here I test predictions stemming from the direct benefits model of mate choice, i.e., that
females will prefer males that can provide them with more benefits or with a reduction in costs
associated with mating and that females will gain a fitness benefit from mating with males of
their preferred phenotype. The direct benefits hypothesis of mate choice has been underexplored (Ratterman 2009; Wagner 2011), especially in species where males provide only sperm
to females. In these cases direct benefits models are often dismissed in favor of “good genes”
models to explain mate preferences (Kokko et al. 2003; Wagner 2011; Etienne et al. 2014).
However, despite extensive study, the magnitude of indirect benefits appears to be very small
(Kotiaho and Puurtinen 2007; Etienne et al. 2014), and females may still gain direct benefits
from biasing their matings towards specific types of males, such as those that have sufficient
sperm and are disease-free (Kirkpatrick and Ryan 1991; Steiner et al. 2007; Stürup et al. 2013).
Sperm are an important benefit for females even though most parasitic wasps can
reproduce without it. Wasps are haplodiploid, i.e., males form from haploid embryos that
develop from unfertilized eggs and females from diploid embryos that develop from fertilized
eggs. Thus females are constrained to produce male-biased broods if they lack sufficient sperm.
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However, lone females exploiting a patch of hosts benefit from production of female-biased
broods (West 2009). In many parasitic wasps, males tend to transfer less sperm with later
matings, yet continue to seek matings with females even after those males become sperm-limited
(Boivin 2013; Boulton and Shuker 2015). Avoiding sperm-limited males may be especially
important in monandrous systems where females cannot overcome a low level of sperm through
multiple matings (Boulton et al. 2014). Even in polyandrous systems females may not overcome
this original deficit (Damiens and Boivin 2005).
In prospermatogenic species, males emerge with all their sperm; in synspermatogenic
species males continue to produce sperm as adults. Sperm quality may degrade over time; thus
females may face the same costs by mating with old males as by mating with sperm-limited
males, even if the old males are not sperm-limited (Pizzari et al. 2008; Carazo et al. 2011).
Infected males may make poor mates for several reasons. They may transmit disease to females,
may be sick enough that they transfer fewer sperm during copulation, or may have less viable
sperm due to collateral damage from immune system produced antimicrobial compounds or from
interactions with toxins from lysed pathogens (Skau and Folstad 2003; Stürup et al. 2013).
The present study tested the hypothesis that females will use male pheromone markings
to discriminate against males of low reproductive quality. Specifically, that they will avoid the
pheromone marks of males that are multiply mated, the marks of males that are old and the
marks of males that are infected. I also test the hypothesis that males will become sperm limited
with multiple matings, to do this I compared the sex ratio and total offspring production of
females mated to either virgin males or multiply mated males. Whether the sex ratio produced by
a male could predict female preference for his pheromone marks was also tested.

33

Materials and Methods

General

The U. rufipes used were a strain that originated from cattle feedlots in southern Alberta and
were maintained using a natural host, Musca domestica (house fly) pupae, which were reared
following the methods of Cooper and King (2015). Wasps were reared in an incubator on a
12h:12h light:dark cycle at about 25oC and 60% RH. Parasitized fly pupae were separated
individually into glass vials to ensure virginity of emerging wasps. When generating malemarked substrates, males were held in the wasp incubator with the lights on. Female choice was
tested under laboratory conditions, approximately 23 oC and 40% RH.
Three female choice experiments were performed. The choice arena was a petri dish (3.5
cm wide, 1 cm deep) that was divided with a silicone insert (Pompanon et al. 1997), the same
one used for experiments in chapter 2. To test female response to pheromones of males of
differing reproductive potential, one male of a category being tested was allowed to mark in one
side of the arena for 4 h while a male of a complementary test group was allowed to mark in the
other side. Then males were removed, and a female was introduced. The amount of time that she
spent moving in each side of the arena was recorded for 5 min. Control and experimental sides of
arenas were rotated between trials to minimize any side effect. The females were virgin and 1-3
d old. Males were 2-d-old and virgin unless otherwise noted.
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Male Infection State

In the first female choice experiment, each female was given a choice of pheromone from an
infected male versus from an uninfected male. Two bacterial doses were used, one that killed
approximately 10% of those infected (lethal dose 10, LD10) and another that killed
approximately 50% of those infected (lethal dose 50, LD50), males infected with either dose
were tested against uninfected males (LD50: n = 18 females, LD10: n = 23females). Doses were
established by infecting males in the parental population and assessing mortality. Infected males
were generated by pricking 1-d-old males with a micro needle dipped in a concentrated
suspension of Serratia marcescens. That U. rufipes might be exposed to Serratia marcescens is
plausible because it has been found in cattle manure and bedding (Kamarudin et al. 1996; De
Freitas et al. 2003), and it is known to infect other insects (Lauzon et al. 2003). Wasps were
pricked between the first and second thoracic segments on their ventral side. Stock bacterial
solution was produced by incubating L.B. broth inoculated with Serratia marcescens for 24-h at
37oC. This corresponded to an Optical Density of (0.31) measured on a Spectronic 20+ at 600nm
wavelength. The stock bacterial solution was diluted with distilled water to produce the test
solution. LD50 and an LD10 doses were established using the parental population and were 0.4
and 0.2 concentrations of the stock bacterial solution, respectively. A cold plate was used to slow
the males to allow for pricking. Uninfected males were not pricked but they were exposed to the
cold plate concurrently with pricked males. Behavioral trials took place 24 h after the infection to
give the bacteria time to grow and the male time to mount an immune response, during this time
the males were kept in the incubator.
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Male Mating Status

In the second female choice experiment, each female was given a choice of pheromone from a
male that had mated once versus from a male that had mated multiply (five times) (n = 16
females). Singly mated males rather than virgins were used as a control because males mark
more after mating (Cooper and King 2015), and a single mating does not deplete males of sperm
(see below). Pairs were observed for successful copulation. To minimize any difference in
activity level between the two types of males disturbance of males was minimized. Males were
placed in the test arena almost immediately after their last mating.
The relative degree of sperm depletion of multiply mated males was tested by examining
the sex ratio of the offspring of the first (n = 16) and last (fifth) (n = 16) females with which the
multiply mated male copulated with. The sex ratio of the offspring of the females mated to the
singly mated males were also collected (n = 16); these females are also first females. To obtain
sex ratio, each female was given 30 freeze-killed hosts in a glass vial (21 mm diameter, 70 mm
high) for each of 10 d. U. rufipes readily parasitizes such hosts with no effect of the hosts being
freeze-killed versus fresh on offspring production or sex ratio (goodness of fit test of sex ratio
data from Floate 2002; 2 = 0.07, df =1, P = 0.79). Emerging sons and daughters were counted
and sex ratio was calculated as ((number of daughters)/(number of sons + number of daughters)).
As noted previously, daughter production requires sperm. Production of fewer daughters is
associated with females having fewer sperm in their spermathecae in parasitic wasps (Gordh and
DeBach 1976; Nadel and Luck 1985; Leatemia et al. 1995; Chevrier and Bressac 2002).

36

Male Age

In the third female choice experiment, each female was given a choice of pheromone from a
male that was 1-d-old males versus a male that was 10-d-old (n = 18 females). Prior to testing,
males were kept in the incubator and fed honey ad libitum. Old males were not visibly senescent,
e.g., in terms of their walking and marking behavior. Males live up to 49 d (median 35 d) when
housed at 25oC, 54 ± 10% RH, 24 h dark and fed honey solution ad libitum (Smith and Rutz
1987).

Statistical Analyses

In all behavioral experiments, the amount of time that females spent on one side of the arena
versus the other was compared by paired t-tests. The t-test shows if the mean of differences is
zero. Assumptions of normality were met for all experiments except the LD 10 experiment, where
a Q-Q plot of residuals and a boxplot of differences revealed that assumptions of normality were
violated. However, a paired t-test was performed anyway as it is robust to violations of normality
(Henry Scheffe 1959). All tests were repeated using the nonparametric Wilcoxon signed rank
test. This test shows if the median of differences is zero. Qualitative conclusions were unaffected
by which test was used. The chi-square test of independence was used to test if male mating
history had an effect on their mates offspring sex ratio. If offspring sex ratio differed between
females mated to either the preferred or not preferred males in the male mating status experiment
was also tested using the chi-square test of independence. A generalized linear model (GLM)
with a quasibinomial distribution was used to test if male sex ratio production can predict female
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preference for male both across and within treatments. Preference, i.e.,, proportion of time
walking in an arena side (Time walking in side/ Total walking time) weighted by total walking
time, was the response variable and sex ratio produced by test males was the explanatory
variable. All analysis was done and all graphs made using R v 3.2.4 (R Core Team 2016).

Results

Male Infection State

When males were infected with a high dose (LD50), difference in time spent in each side of the
arena by females did not differ from zero (Figure 8; t = 0.84, df = 17, P = 0.40, mean of
differences ± SE of differences = 20.89 ± 19.28 s, 95% C.I. -73.01 to 31.23 s; W = 62.5, N = 18,
P = 0.32) Most females spent more time on the uninfected male side (11 of the 18 females, with
no ties). In contrast, when males were infected with a low dose (LD10), difference in time spent
in each side of the arena by females did differ from zero (Figure 9; t = 2.43, df = 22, P = 0.02,
mean of differences ± SE of differences = 24.00 ± 9.85 s; W = 63, N = 22, P = 0.04) with a bias
toward the uninfected male side. Most females spent more time on the uninfected male side (16
of the 23 females with 1 tie).
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Figure 8: High dose infection
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the uninfected male side and points below the line represent
preference for the infected male side.
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Figure 9: Low dose infection
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the uninfected male side and points below the line represent
preference for the infected male side.
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Male Mating Status

The difference in time spent in each side of the arena by females did differ from zero (Figure 10;
t = 3.68, df = 15, P = 0.002, mean of differences ± SE of differences = 65.88 ± 17.87 s; W = 6, N
= 16, P = 0.001) with a bias towards the singly mated male side. Most females spent more time
on the singly mated male side (14 of the 16 females, with no ties). Females mated to males that
had mated four times previously produced male-biased sex ratios (mean proportion female =
0.45), whereas females mated to virgin males produced female-biased sex ratios (mean
proportion female = 0.75) (Figure 11; χ2 = 113.13, df = 1, P < 0.001), although total number of
offspring did not differ between the first and the fifth females mated to the multiply mated males
(t = 1.59, df = 15, P = 0.21, mean ± SE = 47.88 ± 3.82 versus 37.94 ± 4.92). The total number of
offspring produced did not differ between females mated to singly mated males and the fifth
mated females of the multiple mated males (t = 0.5622, df = 30, P = 0.57). Sex ratio of females
used to produce singly mated males (mean proportion female = 0.75) differed from the sex ratio
of the last females mated to the multiply mated males (mean proportion female = 0.45) (χ2 =
95.01, df = 1, P < 0.001). The sex ratio produced by test males (singly mated, multiply mated)
predicts female preference across treatments (Figure 12; GLM: χ2 = 6.26, df = 1, P = 0.01), but
not within either the singly mated (GLM: χ2 = 1.12, df = 1, P = 0.28) or multiply mated (GLM:
χ2 = 0.06, df = 1, P = 0.79) treatments.
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Figure 10: Multiply mated and singly mated males
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the singly mated male side and points below the line
represent preference for the multiply mated male side.
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Figure 12: Multiply mated male brood sex ratios
Sex Ratio (Female/Male+Female) of the first mated females or the fifth mated females of the
multiply mated males, point size is weighted by total offspring used to calculate each sex ratio.
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Figure 12: GLM sex ratio by female preference
Relationship between the proportion of time spent (time in a side/ total time) by a female in a
side of the arena and the proportion of daughters (daughters/ total offspring) produced by the last
female mated to the male that occupied that side. Point size is weighted by total time spent by a
female between each side, points are colored by treatment (Green = Five matings, Blue = One
mating). A regression line was drawn using a GLM with a quasibinomial distribution, the shaded
area represents a 95% C.I. for the line. The given equation is in logits.
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Male Age

The difference in time spent in each side of the arena by females did differ from zero (Figure 13;
t = 2.49, df = 17, P = 0.02, mean of differences ± SE of differences = 30.83 ± 12.35 s; W = 37, N
= 18, P = 0.03) with a bias towards the 1-d-old male side. 14 of the 18 females spent more time
on the 1-d-old male side, and there were 0 ties.
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Figure 13: Male age
Each point represents one female and shows the amount of time she spent in each side of the
arena. The line represents where points would fall if females had no side preference. Points
above the line show a preference for the young male side and points below the line represent
preference for the old male side.

Discussion

Females were able to detect differences in male quality through the use of a male substrate-borne
pheromone. Females preferred uninfected males when infection was low (LD 10), but not when
infection was high (LD50). Females preferred males that had mated only once and by young
males. Male sperm supplies appear to decrease with multiple matings as evidenced by production
of a lower proportion of daughters. More sperm for daughter production and less risk of infection
are both direct benefits. Male fertilization potential is expected to decrease as a male ages,
becomes infected, and with increasing matings (Skau and Folstad 2003; Champion de Crespigny
and Wedell 2006; Pizzari et al. 2008; Carazo et al. 2011; Stürup et al. 2013).
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Male Infection

The preference of U. rufipes females for markings produced by uninfected over low-dose
infected males may help females to avoid the costs associated with mating with infected males.
These costs include risk of infection, and reduced sperm quality and quantity due to either
collateral damage from the males immune system or direct damage from the infectious agent
(Able 1996; Skau and Folstad 2003; Champion de Crespigny and Wedell 2006; Radhakrishnan
and Fedorka 2012; Stürup et al. 2013).
Aside from Wolbachia, the pathogens that infect U. rufipes in natural conditions are not
known. Whether female preference results would differ with other infections remains to be
tested. Whether female preference results would differ with other infections remains to be tested.
U. rufipes is sometimes infected with the bacteria Wolbachia, resulting in cytoplasmic
incompatibility and female mortality (Floate et al. 2003). Wolbachia is transmitted from parent
to offspring. U. rufipes is also sometimes infected with microsporidia (Zchori-Fein et al. 1992),
which reduce longevity and fecundity at least in some confamilial species (Boohene 2002). The
microsporidia identified in confamilials are not transmitted venereally or paternally, but maternal
transmission is 100%, and they can also be transmitted when females host feed on hosts
containing infected parasitoid larvae and when an uninfected larva eats an infected larva. The
response of females is specific to the type of male infection in the mealworm beetle (Tenebrio
molitor); males are unattractive to females when infected with tapeworms but not when given an
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immune challenge with lipopolysaccharide, a non-pathogenic compound derived from gramnegative bacteria that illicit an immune response in insects (Worden et al. 2000; Nielsen and
Holman 2012). This may be due to the effect of longevity on the infected male and whether that
effects a male’s probability of terminally investing. Infections of different types may also differ
in their sexual transmission rate and their effect on male sperm which may change effect size of
female bias against infected males.

Terminal Investment Hypothesis

Avoidance of infected males was seen when using a relatively low dose of bacteria (LD10), but
not there was no difference in female attraction when using a relatively high dose of bacteria
(LD50). These results are consistent with the prediction from the terminal investment hypothesis
that an organism’s investment in current reproduction will be increased when faced with a loss of
future reproductive potential (Clutton-brock and Vincent 1991; Copeland and Fedorka 2012;
Nielsen and Holman 2012). Thus males facing a high probability of death are predicted to invest
more in current sexual signaling than males faced with a low probability of death. The low dose
males may benefit from investment in immune function at the expense of sexual signaling due to
the relatively high likelihood they have of overcoming the infection and reproducing in the
future. In contrast, the high dose males may benefit from forgoing investment in immune
function in favor of current sexual signaling due to the high likelihood of death leading to a low
likelihood of future reproductive success. Future study could test this hypothesis directly by
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testing female attraction to males of varying infection severity. The strong signaling by LD50
males may be dishonest because such males may not provide females with an amount of sperm
commensurate with their signal intensity, and the male may pass on infection.
Patterns consistent with the terminal investment hypothesis have been recorded for a
wide variety of taxa. In the mealworm beetle, Tenebrio molitor, male cuticular hydrocarbons and
glandular pheromones are more attractive following an immune challenge, suggesting an
increased investment in sexual signaling (Nielsen and Holman 2012). Female deer mice,
Peromyscus maniculatus, infected with the trematode Schistosomatium douthitti exhibit
decreased survival and increased litter mass, indicating a loss of residual reproductive value and
an increase in investment in current reproduction relative to uninfected females (Schwanz 2008).
Immune-challenged old male blue footed boobies, Sula nebouxii, have greater fledgling and
hatchling success than uninfected old males, opposite to the pattern seen in young males
(Velando et al. 2006). In the common lizard, Zootoca vivipara (formerly Lacerta), females who
invest more heavily in their first reproduction have decreased subsequent survival yet higher
litter success (Massot et al. 2011).

Male Age and Infection Type

Future study might explore the effect of the dosage of infective agent and the interaction
with male age on signaling intensity and on female attraction in this system, because both have
consequences for future reproductive opportunities (Copeland and Fedorka 2012). Testing
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various infectious agents would also be of interest because different types of pathogens have
different effects on residual reproductive value. Variation in longevity and attractiveness within a
dose could also be explored. Terminal investment in sexual signaling does not necessitate the
production of a dishonest signal, and even if a terminally invested sexual signal is dishonest the
overall honesty of a signaling system can be maintained if the incidence of dishonest signaling is
low (Carazo and Font 2013; Higham 2014). The honesty of the sexual signal produced by males
infected with LD50 dose bacteria could be tested. If the signal is honest, then relative to control
males, females mated with infected males should produce a greater proportion of daughters or
more total offspring.

Proximate Mechanism of Female Preferences

Female U. rufipes may have perceived male differences based on the amount of pheromone
deposited per mark, the number of marks made or changes in the composition of pheromone.
However, in a previous study, the number of marks did not influence female preference (Cooper
and King 2015). Future work could examine the change in the quantity and composition of
pheromone deposition of different types of males, e.g., singly versus multiply mated.
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Sexual Signaling and Conflict

The benefits to signaling and receiving may differ within a signaling system. In sexual signaling
systems, this results in sexual conflict. The reproductive interests of a non-sperm limited male
and a virgin female align to some degree because the male benefits from fertilizing eggs in the
female, and she benefits from acquiring enough sperm to produce an optimal sex ratio (Charnov
1982). However, the optimal number of sperm during a transfer may differ between the sexes
and conflict may exist between non-sperm limited males and virgin females.
Low quality (e.g., older or sperm limited) males may be unable to provide the femaleoptimum, in which case their high signaling, if it is even possible, would be viewed as cheating,
i.e., dishonest signaling. However, the honest signaling hypothesis suggests there should be
selection against responding to cheatable signals unless those signals are honest in most
situations. Because female U. rufipes mate only once and are constrained to produce only sons in
the absence of sperm, they may suffer substantial fitness consequences by mating with spermlimited males when non-limited males are available (Boivin 2013). Sperm-limited males may be
selected to seek additional matings as females will not remate even when mated to sperm-limited
males; although these males will not produce many, if any, offspring from additional matings,
they reduce competition for their daughters in the next generation (Damiens and Boivin 2005),
assuming dispersal is minimal. However, the level of female dispersal is not clear for U. rufipes;
both males and females are winged. Male U. rufipes that had mated four times continued to court
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females and seek matings despite being sperm-limited. This should provide a strong selective
force on females to avoid sperm-limited males.
Females are likely to sometimes encounter sperm-limited males. Given observed sex
ratios, for every male, there will be about 3 females so not all males will mate five times, but
some may (Stenseng et al. 2003). Male mating success is highly variable in many animals,
including parasitoid wasps, with a small number of males obtaining a majority of the matings
(Gordh and DeBach 1976; West et al. 1996). Males in hymenopteran parasitoids can become
sperm-limited in natural conditions (Martel and Boivin 2007), and sperm-limited females have
been caught in the field (Ode et al. 1997).

Costs to Signaling

In the absence of alignment of benefits between signaler and receiver, signals that transfer honest
information on mate quality are thought to have to be costly to produce, cost more for low
quality individuals, or have different cost to benefit difference for high and low quality
individuals and to have a mechanism that keeps high quality individuals from giving low quality
benefits (Wagner 2011; Higham 2014). Costs to sexual signaling are unknown in male U. rufipes.
In Nasonia vitripennis the male-produced substrate-borne pheromone is costly because its
metabolic precursor is a limited nutrient used in both sperm and pheromone production (Blaul
and Ruther 2011). In U. rufipes it remains to be explored if low quality individuals face higher
costs to producing an attractive signal, how the benefit-cost differences of signaling changes
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between low quality and high quality individuals, and if there is a mechanism that rewards high
quality individuals that provide high quality signals or that prevents high quality individuals
from signaling high quality but giving low quality benefits.
A lower benefit from equivalent marking may result for low quality males relative to high
quality males through low quality males having an increased risk of rejection (occuring after
mounting but before copulation) (Wagner 2011), assuming females can later detect his low
quality. In U. rufipes, despite mated males being more eager than virgins, mated males do not
manage to mount more often; and once mounted, females are less likely to become receptive to
copulation, when a virgin male is nearby (King and Kuban unpublished data).
The honesty of the sexual signal produced by males infected with LD50 dose bacteria
should be tested. If the signal is honest, then relative to control males, females mated with
infected males should produce an equivalent proportion of daughters and an equivalent number
of total offspring.

Signaling Trade Offs

In species in which males are synspermatogenic, sperm-limited males may face a trade-off
between sperm production and sexual signaling (assuming the cost of signaling is ongoing along
with the need for sperm production). If U. rufipes is synspermatogenic this could explain why
low quality (sperm-limited) males signal (mark) less; they may be using limited resources to
produce sperm rather than signal. Other trade-offs to signaling not related to sperm production

53

may exist in U. rufipies. Sperm-limited males of the prospermatogenic N. vitripennis have
markedly lower sex pheromone titers than virgin males and pheromone deposits of sperm-limited
males are less attractive to females (Ruther et al. 2009). A tradeoff between sperm production
and signaling could not exist in N. vitripennis as they eclose with all their sperm. It is unknown
what mechanism mediates this shift in pheromone quantity and attraction. Pteromalidae includes
both prospermatogenic and moderately synspermatogenic species (Damiens and Boivin 2005),
and it is unknown which U. rufipes is.
The precursor(s) for the marking phereomone in U. rufipes are unknown, so it is unclear
if it is likely to come from the larval diet or the adult diet. The adult diet is unknown, but adults
will feed on honey in the laboratory, and other parasitoids have been seen feeding on nectar in
the field (Godfray 1994). There is little evidence of pheromone precursor being acquired from
nectar except for acquisition of toxic pyrrolizidine alkaloids by some butterflies of the family
Arctiidae (Reddy and Guerrero 2004). If pheromone precursors are not gained as adults but
rather males emerge with all they will ever have, then younger males, by likely having marked
less, would have a greater store of either pheromone or precursor. Younger males would face
smaller opportunity costs to marking because they have full stores of pheromone while old males
face higher opportunity costs because they have less of the pheromone or precursor.
Trade-offs between male immune function and sexual signaling has been seen in both
vertebrates and invertebrates. In vertebrates it is thought that testosterone mediates this trade off
by causing sexually selected traits and also acting as an immune suppressor (Folstad and Karter
1992). However, meta-analysis provides only weak support of testosterone’s role in trading off
sex traits and immune function; other hormones may be responsible (Roberts et al. 2004).
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Juvenile hormone has been suggested to mediate this trade off in insects. When male mealworm
beetles, Tenebrio molitor, are injected with juvenile hormone, they produce more attractive sex
pheromone and have reduced markers of immune function (Rantala et al. 2003).

Male Senescence and Female Choice

Female attraction to areas marked by younger males may benefit a female. Younger males may
have more viable sperm or be able to transfer more sperm during copulation because they do not
yet face senescence (Carazo et al. 2011; Stürup et al. 2013). If males are synspermatogenic, then
sperm quality may still decline with age, due to buildup of deleterious mutations in their germ
line during the continued cell divisions to produce new sperm. In which case, females that mate
with old males may be constrained to produce fewer or lower quality offspring (Pizzari et al.
2008) .
The present results may seem to suggest that more sperm is better because U. rufipes
females preferred signals of males that had mated less often, and such males seemed to have
more sperm. Alternatively, from the perspective of female fitness, there may be an optimal
number of matings that mates should have had, with optimum depending on the male’s age.
Older males may be more likely to have sperm that have senesced and may rid themselves of
such sperm by mating (Wagner et al. 2004; Levitas et al. 2005). This strategy applies to
synspermatogenic species where males may produce new sperm. Female black –legged
kittiwakes, Rissa tridactyla, eject sperm from matings early in the breeding season more often
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than sperm from matings that happen closer to fertilization and produce higher quality offspring
using young sperm (Wagner et al. 2004). In the house cricket, Archeta domesticus, solitary males
regularly expel spermatophores, and females are more likely to store spermatophores containing
younger sperm (Reinhardt et al. 2005). Males of some species of passerine birds are known to
release sperm continuously, which may aid in passing only young viable sperm during
copulation (Quay 1987). Sperm dumping would be advantageous for prospermatogenic males
only if they could selectively dump lower quality sperm. Sperm dumping has not been reported
for any pteromalids.

Mate Searching Cost

Prior to this point, I have been discussing how females may benefit from assessing the quality of
potential mates and how this ability to assess mates may select for female response to male
signal. However, females may also benefit from responding to stronger male signals simply by it
reducing their cost of searching for a mate (Wagner 2011), such as if stronger signals are more
likely to be fresh and so actually result in connecting with a male.
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